Introduction
============

Since the discovery of photoelectrochemical water splitting at a semiconductor surface in 1972, great progress has been made in the research of photocatalytic degradation of organic pollutants for solving environmental problems that confront mankind today. Photocatalysis has many advantages over other treatment methods, for instance, the use of the environmentally friendly oxidant O~2~, the easy reaction performed at room temperature, and oxidation of the organic compounds even at low concentrations \[[@B1]-[@B3]\]. Much work on photocatalysis in the past decade has focused on TiO~2~ for its excellent behaviors in the oxidative degradation of many organic compounds under UV irradiation \[[@B4]-[@B10]\]. However, the relatively wide bandgap of 3.2 eV limits its efficient utilization because the UV range is only about 4% of the solar spectrum. In view of the largest proportion of the solar spectrum and artificial light sources, the development of photocatalysts with high activity under a wide range of visible-light irradiation is highly desirable.

There are generally two ways to exploit the photocatalysts responsive to visible-light irradiation: the first involves the modification of TiO~2~, and the second is the development of a new photocatalytic material. The former has been extensively investigated by doping with metallic or nonmetallic elements such as V and Cr \[[@B11]-[@B13]\] or N \[[@B14]-[@B18]\], S \[[@B19]-[@B21]\], C \[[@B22]-[@B24]\], to gain visible-light response. In contrast, there have been only a few reports on the development of new photocatalyst materials \[[@B25]-[@B28]\].

Bi~2~WO~6~, the simplest member in the Aurivillius family and a potential visible-light photocatalyst, was first studied by Kudo and Hijii \[[@B29]\], Zou's and co-workers \[[@B30]\] groups. Their works revealed that Bi~2~WO~6~ could perform as an excellent photocatalytic and solar energy transfer material. Photocatalytic activities for O~2~ evolution/water splitting and the degradation of the CHCl~3~ and CH~3~CHO under visible-light irradiation were discussed in detail. Encouraged by this progress, various Bi~2~WO~6~ nanostructures including nanoplates and nanoparticles synthesized by hydrothermal method and their enhanced visible-light-driven photocatalytic activity such as photodegradation of rhodamine B(RhB) were reported subsequently \[[@B31]-[@B35]\]. On the other hand, spherical superstructures constructed by nano-substructures have been attracting much interest due to their micro/nanostructure and the distinguished physical/chemical properties \[[@B36]-[@B41]\]. Large specific surface area and porous structures induced by the hierarchical configuration may improve the contact/interaction between materials and the organic compounds, and thus lead to better photocatalytic performance. As a result, several hierarchical three-dimensional (3D) structures of Bi~2~WO~6~\[[@B42]-[@B44]\] were also fabricated in the past 2 years.

In a previous work, we fabricated uniform Bi~2~WO~6~ microspheres governed by a layer-by-layer growth mechanism \[[@B44]\]. We report herein, for the first time, another novel octahedron-like hierarchical structure of Bi~2~WO~6~ consisting of quasi-square plates joined vertically, and demonstrate its improved visible-light photocatalytic activity in the degradation of RhB as compared to that of the Bi~2~WO~6~ synthesized by solid-state reaction (SSR). The results indicate that the pH value of precursor suspensions has impact on the morphology of as-prepared products. In addition, the photocatalyst of octahedron-like hierarchically structured Bi~2~WO~6~ dispersed in alkaline solutions is found to show significantly better photocatalytic ability. Our work will help to develop promising nanostructured photocatalysts that can be more easily separated and recycled.

Experimental
============

Synthesis of Bi~2~WO~6~Hierarchical Octahedron Structures
---------------------------------------------------------

In a typical procedure, Bi(NO~3~)~3~ · 5H~2~O (2 mmol) was added to 20 mL 1 M HNO~3~ to form a clear solution under stirring for 30 min at room temperature. Afterward, 50 mL solution of dissolved 1 mmol Na~2~WO~4~ · 2H~2~O and 0.1 g of PVP was added into the above solution, and a lot of white precipitate appeared quickly. The pH value of the suspension was adjusted to 7 by adding NH~3~ · H~2~O. After constant stirring for another 30 min, the mixture was finally transferred into a 100 mL Teflon-lined autoclave and filled with deionized water up to 80% of the total volume. The autoclave was sealed, maintained at 180 °C for 12 h, and cooled to room temperature naturally. The white precipitate was collected and rinsed several times with distilled water and absolute ethanol, respectively. Then, the sample was dried in a vacuum at 60 °C. For comparison purpose, we also fabricated Bi~2~WO~6~ by traditional SSR according to Ref. \[[@B30]\] and dispersed nanoplate sample without using PVP.

Characterization
----------------

The phase purity of the as-prepared products was determined by X-ray diffraction (XRD Y-2000) with Cu Kα radiation (λ = 1.5418 Å) at a scan rate of 0.04°s^−1^. The morphology of the as-prepared product was characterized by field-emission scanning electron microscopy (FESEM, JEOL, JSM-6700F). Transmission electron microscopy (TEM) was taken with a FEI H-800 transmission electron microscope at an acceleration voltage of 200 kV to further investigate the morphology and structure of Bi~2~WO~6~structures. High-resolution transmission electron microscope (HRTEM) images and selected area electron diffraction (SAED) patterns were performed on a JEOL-2010 transmission electron microscope. Room-temperature UV--Vis absorption spectrum was recorded on a UV-1700 spectrophotometer in the wavelength range of 400--800 nm.

Photocatalytic Decomposition of RhB
-----------------------------------

Photocatalytic activity was evaluated by the degradation of RhB under visible-light irradiation using a 300 W Xe lamp with a cutoff filter (λ \> 400 nm). The reaction cell was placed in a sealed black box, the top of which was open, and the cutoff filter was set on the window face of the reaction cell to ensure the desired irradiation condition. In each experiment, photocatalyst powders (0.5 g/L) were added into RhB solution (1 × 10^−5^ M, 500 mL). Before illumination, the suspensions were magnetically stirred in the dark for 60 min to ensure the establishment of an adsorption--desorption equilibrium between photocatalyst powders and RhB. At given time intervals, 3 mL suspensions were sampled and centrifuged to remove photocatalyst powders. The filtrates were analyzed by recording the variations of the absorption-band maximum (553 nm) in the UV--Vis spectrum of RhB.

Results and Discussions
=======================

Morphology and Structure of Obtained Products
---------------------------------------------

The morphology of the product is shown in Fig. [1](#F1){ref-type="fig"}. At a low-magnification view in Fig. [1](#F1){ref-type="fig"}a, many particles with average size of 4 μm are generated in the form of octahedrons. These octahedrons are constructed by three groups of parallel quasi-square plates that are joined vertically (X, Y, and Z directions), as shown in Fig. [1](#F1){ref-type="fig"}b. An individual octahedron and its enlarged image are illustrated in Fig. [1](#F1){ref-type="fig"}c and d, respectively. From these pictures, we can observe that several plates of about 20 nm in thickness assemble in an almost parallel fashion and two groups of the parallel plates are joined vertically to form a cross-like structure; this cross-linked structure can be easily found in every particle from different directions in the low-magnification SEM image. It is noteworthy that plenty of holes are present on the plates, which can typically increase the surface area of the products and enhance the contact area between photocatalyst and organic molecules. The intriguing hierarchical structure of the product can be further interpreted schematically in Fig. [1](#F1){ref-type="fig"}e. BET surface area is measured to be as much as 26.1 m^2^ g^−1^ (from Fig. [2](#F2){ref-type="fig"}a: N~2~ gas adsorption--desorption isotherm), which is much higher than that of the sample obtained by SSR (only \~1.3 m^2^ g^−1^\[[@B31]\]).

![SEM images of hierarchical Bi~2~WO~6~octahedrons: (**a**) low magnification; (**b**) high magnification; (**c**) an individual octahedron; (**d**) enlarged image of**c**; and (**e**) a schematic octahedron structure](1556-276X-3-365-1){#F1}

![(**a**) Typical N~2~gas adsorption--desorption isotherm and (**b**) XRD of the as-prepared hierarchical Bi~2~WO~6~octahedrons](1556-276X-3-365-2){#F2}

The X-ray powder diffraction pattern of the product (Fig. [2](#F2){ref-type="fig"}b) can be indexed as pure orthorhombic Bi~2~WO~6~, consistent with the reported data (JCPDS card No. 73-1126, *a*= 5.457 Å, *b* = 5.436 Å, *c* = 16.42 Å). Compared with the standard pattern inserted in Fig. [2](#F2){ref-type="fig"}b, the intensity ratio of the (200)/(020) peak to the (113) peak increases to 0.61 in the present case, apparently larger than the standard value 0.185, which demonstrates the faster growth of Bi~2~WO~6~ crystal along the (200)/(020) plane \[[@B31]\].

More information of the structure of the Bi~2~WO~6~ crystals was obtained by TEM observation (Fig. [3](#F3){ref-type="fig"}). TEM image of an individual Bi~2~WO~6~ particle is shown in Fig. [3](#F3){ref-type="fig"}a. Obviously, the almost square-like outline should be related to the top view of the Bi~2~WO~6~ octahedron, that is, the projection of a group of parallel plates (can be understood based on Fig. [1](#F1){ref-type="fig"}e). There is no bright area in the center of the square, quite different from the reported spherical and nest-like Bi~2~WO~6~ hierarchical structures \[[@B42]-[@B44]\], which also means the total thickness of the parallel plates is beyond 100 nm. This is consistent with the above SEM observations that the thickness of a monolayer plate is 20 nm, and naturally the layer number of the parallel plates is above 5. Figure [3](#F3){ref-type="fig"}b is the SAED pattern of one small plate at the edge of Bi~2~WO~6~ octahedron. (020) (220) and (200) crystal faces can be easily indexed, and the very uniform spot diffraction pattern implies the single-crystal nature of Bi~2~WO~6~. High-resolution TEM (HRTEM) image displayed in Fig. [3](#F3){ref-type="fig"}c reveals a group of clear crystal lattices, and interplanar spacing is measured to be 0.385 nm, corresponding to the (110) plane of orthorhombic Bi~2~WO~6~. This result also confirms the single-crystal structure of nanoplates.

![(**a**) TEM image and (**b**) SAED result of an individual Bi~2~WO~6~crystal; (**c**) HRTEM image of the nanoplate at the edge of the octahedron](1556-276X-3-365-3){#F3}

We found that the pH value of the precursor suspension played a vital role in the Bi~2~WO~6~octahedron formation process. Without NH~3~ · H~2~O, the Bi~2~WO~6~sample exhibits a uniform 3D sphere-like structure about 4 μm in diameter, as shown in the inset of Fig. [4](#F4){ref-type="fig"}a. These sphere-like Bi~2~WO~6~structures have a dense body consisting of plenty of nanoplates with thickness of 20 nm and length in the range of 100--200 nm (Fig. [4](#F4){ref-type="fig"}), which were discussed in our previous work. As the amount of NH~3~ · H~2~O added to the precursor suspension increases, the morphology of the product will change substantially. When the pH value is adjusted to 5.5, the 3D sphere-like Bi~2~WO~6~disappears and nonuniform microstructures with several cross-like structures built up by monolayer sheets are present, as shown in the inset of Fig. [4](#F4){ref-type="fig"}b. With careful observation, some cross-like structures are very similar to the Bi~2~WO~6~octahedron, marked by arrowheads in Fig. [4](#F4){ref-type="fig"}b. Finally, when the pH value reaches 10, only square-like microsized plates with 2 μm in side length can be obtained (Fig. [4](#F4){ref-type="fig"}c).

![SEM images of Bi~2~WO~6~structures obtained under different pH values (**a**) without NH~3~ · H~2~O; (**b**) pH 5.5; and (**c**) pH 10](1556-276X-3-365-4){#F4}

As we know, the pH value of the precursor suspension has a strong effect on the hydrolysis of Bi^3+^~,~ which determines the rates of Bi~2~WO~6~ nucleation and crystal growth. At low pH value (below 1), the H^+^ concentration is much higher than OH^−^ ion concentration, restraining the hydrolysis of the Bi^3+^; thus the nucleation rate of Bi~2~WO~6~ has absolute priority over that of crystal growth. As a result, the product is in the form of a microspherical particle constructed by nanoplate subunits according to thermodynamic stability condition (Fig. [4](#F4){ref-type="fig"}a). The formation of plate-like substructures results from the intrinsic anisotropic layered structure of Bi~2~WO~6~\[[@B31],[@B44]\]. At high pH value (about 10), the rapid hydrolysis of Bi^3+^ decreases the quantity of Bi~2~WO~6~ nuclei and then the pre-formed seeds have enough resource to contiguously grow and finally form Bi~2~WO~6~ microplates. In the moderate pH value (\~7), the formation of Bi~2~WO~6~ nanoplates with appropriate quantity is accompanied by a unique self-assembly process, giving rise to octahedron-like hierarchical structures composed of both parallel and vertical plates. For the assembly of such unique microstructures, the function of PVP and the crystal structure of Bi~2~WO~6~ material should be considered. Previously, PVP was successfully applied as an important surfactant for the synthesis of various hierarchical nanostructures. In the present work, it was believed that the selective adsorption of PVP on some crystallographic planes of Bi~2~WO~6~ subunits (small nanoplates) can take place at the initial growth stage. This would help to generate many uniform subunits. As growth time proceeded, the initially formed small plates assembled in an edge-to-edge way with the gradual enlargement of the 2D surfaces. This assembly process greatly lowered the interfacial energy \[[@B45]\] and was facilitated by the square shape of the subunits, which resulted from the crystal structure of Bi~2~WO~6~. A subsequent layer-by-layer growth of the large nanoplates gave many parallel square plates. Since the formation of parallel plates occurred simultaneously in three dimensions, we could finally observe three groups of parallel square plates cross-linked with (and vertical to) each other, forming octahedron-like structures.

Photocatalytic Activities
-------------------------

The optical property of Bi~2~WO~6~hierarchical octahedral structures was measured using UV--Vis spectroscopy, and the result is shown in Fig. [5](#F5){ref-type="fig"}. It can be seen that the Bi~2~WO~6~octahedron has a steep absorption edge in visible range lower than 500 nm, indicating that the absorption relevant to the bandgap is due to the intrinsic transition of the semiconductors. The energy of the bandgap of Bi~2~WO~6~hierarchical octahedron estimated from the main absorption edge of the UV--Vis absorption spectrum is \~2.74 eV (inset of Fig. [5](#F5){ref-type="fig"}), which is suitable for photocatalytic decomposition of organic contaminants under visible-light irradiation.

![UV--Vis absorption spectrum of Bi~2~WO~6~hierarchical structures. Inset is the plot of (*αE*~photon~)^2^ \~ *E*~photon~](1556-276X-3-365-5){#F5}

Next, we study the photocatalytic property of Bi~2~WO~6~ hierarchical octahedron-like structures. RhB, a widely used dye, was selected to test the degradation efficiency. The major absorption band of RhB is at 553 nm, and the major absorption peaks gradually decrease and shift to shorter wavelength step by step as the irradiation time increases \[[@B31]\]. The process of the RhB degradation under visible irradiation is the process of the dye's de-ethylation, that is, from *N*,*N*,*N*′,*N*′-tetraethylated rhodamine to rhodamine. This transition makes the wavelength position of the major absorption peak to move from 553 to 498 nm, as shown in Fig. [6](#F6){ref-type="fig"}. In addition, the color of dye solution changes from initial red to a light green--yellow, which can be observed by naked eye. The inset of Fig. [6](#F6){ref-type="fig"} displays the results of the RhB degradation efficiencies under different conditions. It can be seen that without any photocatalyst (blank) the degradation of RhB is extremely slow, only about 12% after 6 h visible-light irradiation. With Bi~2~WO~6~ octahedron-like structures dispersed in the RhB solution, the photodegradation of the RhB dye rapidly increases to 56% after the same irradiation time under visible light. pH value of photocatalyst solution is further found to have influence on the photocatalytic ability. When we adjust the pH value of Bi~2~WO~6~/RhB suspension to 7.5 by adding 5 g/L NaOH aqueous solution, the photodegradation is apparently enhanced: 95% of the RhB can be degraded after 6 h. At pH 7.5 but without photocatalyst, the degradation of RhB is still very slow. It was reported that Bi~2~WO~6~ photocatalyst directly dispersed in RhB solution is unstable and easy to transform to H~2~WO~4~ and Bi~2~O~3~ due to the reaction with H^+^\[[@B32]\]. Thus, the addition of NaOH can help to avoid this side reaction and improve the photocatalytic property.

![Absorption spectrum of the RhB solution (1.0 × 10^−5^ M) in the presence of Bi~2~WO~6~octahedron structures under exposure to visible light. The inset shows the photocatalytic performances under different conditions: without photocatalyst; SSR sample; Bi~2~WO~6~octahedron structures; Bi~2~WO~6~octahedron structures at pH 7.5; and nanoplates at pH 7.5](1556-276X-3-365-6){#F6}

It is noteworthy that our octahedron-like hierarchical Bi~2~WO~6~shows significantly improved photocatalytic activity in comparison with the sample obtained by SSR. As seen from inset of Fig. [6](#F6){ref-type="fig"}, only 31% of the RhB can be removed after 6-h irradiation when SSR-produced sample is used as the photocatalyst. The reasons accounting for the better photocatalytic activity of our Bi~2~WO~6~structures can be explained as follows: (1) photocatalytic process is mainly related to the adsorption and desorption of molecules on the surface of the catalyst. The relatively high specific surface area of the 3D hierarchical structure and a large number of pores in the structure allow more efficient transport of the organic molecules to the active reaction sites, hence enhancing the efficiency of photocatalysis. (2) The high surface-to-volume ratios of nanoplate subunits are beneficial to the separation/transfer of electrons and holes. Due to the laminar structure, holes generated inside the crystals have greater opportunity to transfer to the surface and act with the RhB. Indeed, as shown in the inset of Fig. [6](#F6){ref-type="fig"}, nanoplates exhibit much better catalytic ability than SSR sample. (3) Porous appearance in the octahedron-like hierarchical structures may also enhance visible-light transmission and utilization. It should be further pointed out that the 3D hierarchical structures can be readily dispersed due to the micrometer size, avoiding the unwanted aggregations (this exists in nanoplate sample) during the photocatalytic process. Also, the larger size will facilitate the separation and recycling of photocatalysts, which is very important for environmental application.

Conclusions
===========

In this paper, we report the hydrothermal synthesis of a novel hierarchical octahedron-like structure of Bi~2~WO~6~, which has an average size of \~4 μm and consists of many quasi-square nanosheets. The effect of pH value of the precursor suspensions on the formation of octahedron-like Bi~2~WO~6~crystals is discussed. Importantly, as a potential visible-light photocatalyst, our octahedron-like Bi~2~WO~6~exhibits much better activity for the photodegradation of RhB as compared to the photocatalyst product fabricated by SSR.
